We report on hybrid memristive devices made of a network of gold nanoparticles (10 nm diameter) functionalized by tailored 3,4-(ethylenedioxy)thiophene (TEDOT) molecules, deposited between two planar electrodes with nanometer and micrometer gaps (100 nm to 10 μm apart), and electro-polymerized in situ to form a monolayer film of conjugated polymer with embedded gold nanoparticles (AuNPs). Electrical properties of these films exhibit two interesting 2 behaviors: (i) a NDR (negative differential resistance) behavior with a peak/valley ratio up to 17; and (ii) a memory behavior with an ON/OFF current ratio of about 10 3 to 10 4 . A careful study of the switching dynamics and programming voltage window is conducted demonstrating a nonvolatile memory. The data retention of the "ON" and "OFF" states is stable (tested up to 24h), well controlled by the voltage and preserved when repeating the switching cycles (800 in this study).
naphthalenethiol 8 or with 1-dodecanethiol 9 , a perylene derivative with Au nanoparticles 10 , pentacene films with embedded Au nanoparticles 11;12 . Some of these previous reports claimed, in addition to resistive switching, the observation of a Negative Differential Resistance (NDR) in the device. 3;5;6 However in these previous works, devices have a vertical sandwich structure consisting in a metal/switching layer/metal stack where the hybrid material is localized between top and bottom electrodes. In these devices two approaches were used to form the hybrid material: (i) by mixing the organic material with the nanoparticles in solution and depositing the blend by spincoating on the surface; or (ii) by evaporation of an ultra-thin metallic layer (usually 5 nm) onto the organic layer in order to form metal clusters or nanoparticles 13 .
Furthermore, resistive memories and their extension to memristive systems have opened new routes toward innovative computing solutions such as logic-in-memory (implication logic with memristor) 14 , analog computing (threshold logic with memristor 15 ) or neuromorphic computing 16 .
Nevertheless, to become attractive, these different approaches require a massive integration of memory elements. If crossbar integration consisting in vertical devices interconnected between metallic lines and columns has been considered as an interesting solutions, its practical realization with standard lithographic technics (i.e. top-down approaches) is facing severe limitations such as wire resistance contribution, crosstalk of memory elements during programming and sneak path during reading. One relatively unexplored solution is to rely on bottom-up approaches based on randomly assembly elements, in which memory functionalities are configured post-fabrication.
This idea was initially proposed with the concept of nanocell 17;18;19 but remains in its early steps of development from a practical viewpoint and would benefit from functional and reliable hardware for its implementation.
solution. The counter electrode was a platinum wire (0.5 mm in diameter) and Ag/AgCl was used as a reference electrode.
Electrical measurement setup. For the Pt//PTEDOT-AuNPs//Pt switch test, electrical measurement were performed with an Agilent 4156C parameter analyzer in DC sweeping mode.
We used Carl Süss PM5 probe station in order to connect Agilent 4156C and devices. For the pulse test, two programming and read pulses of square shape with different amplitude and width were applied to the device using the B1530A pulse generator module which is embedded in Agilent B1500A. All the electrical measurements were performed under ambient nitrogen in glove box filled with clean nitrogen (O2 < 1 ppm, H2O < 1 ppm).
Device fabrication. TEDOT-capped AuNPs. The first step consists of the synthesis of 10 nm
TEDOT-capped AuNPs. The synthesis of the ligand TEDOT-SH, consisting of a decylthiol chain terminated by a thienyl EDOT (TEDOT) end group was previously described 20 . The synthesis of 10 nm TEDOT-AuNPs ( TEDOT-AuNPs monolayer electro-polymerization. The third and last step for the device fabrication is the in-situ electro-polymerization of the TEDOT-AuNPs monolayer (last step in Fig   1) . The monolayer of TEDOT-AuNPs deposited on and between Pt electrodes (see Fig. 2a ) was electro-polymerized in situ, using the lithographed electrodes as working electrodes (see Materials and Methods) to form a monolayer film of conjugated polymer with embedded AuNPs, PTEDOTAuNPs (see general principle in Fig. 3a ). This polymerization of the monolayer was realized in potentiodynamic mode (electrolyte: 0.1M NBu4PF6 in CH2Cl2 or CH3CN) by multiple scans at 100 mV/s between -0.4 V and +1 V. It leads to the development of a broad oxidation peak centered at +0.7 V vs Ag/AgCl which stabilized after multiple scans suggesting that most of the redox active TEDOT units have been coupled (Figure 3b ). This behavior is clearly associated to the electropolymerization of the PTEDOT polymer in the device. 20 . Then, the polymer was thoroughly rinsed with pure CH3CN.
RESULTS AND DISCUSSION
Forming process. After the deposition and the in situ electro-polymerization, the PTEDOT is in its not conducting reduced form, as evidenced by the low current (70 nA at 5 V) measured for the current voltage (I-V) characteristic (Fig. 4) . However, the current is higher than the one measured for the same device before in-situ electro-polymerization (around 1 nA at 5 V), because, in this former case, charge carriers have to tunnel between neighboring NPs though the TEDOT ligands.
A "forming process" is used to switch the PTEDOT-AuNPs monolayer in a more conducting state.
For that, voltage sweeps in the range 0 V and 40 V (depending on the electrode spacing) at a sweep rate of around 4 V/s (we did not observed dependence of the sweep rate on the forming process), were rapidly applied, back and forth, on the device (Fig. 4) . At the beginning, for the sweep voltage between 0 and 10 V (or a lateral electric field of 0.5 MV/cm, for a device length of 200 nm in that case) the forward and reverse curves were superimposed with a low noise (I-V curve labeled "unformed" in Fig. 4 ). Progressively, with the increase of the number of voltage sweeps and the increase of the maximum voltage (up to 20 V or 1 MV/cm), the I-V curves become more and more noisy. Finally, after several sweeps (three in the Fig. 4 , and generally between 1 and 4), the current increases sharply at a voltage of about 6 -7 V (curve labeled "formed" in Fig. 4 ), indicating the transition from a low conductivity to a higher conductivity state (the ON state). An instability region (at 6-7 V) systematically precedes this sharp increase with an important fluctuation on the measured current, and this voltage is independent of the electrode distance. This last point suggests the fact that the conduction is due to the formation of conducting paths between the electrodes after the forming process. The physical characterization by various technics of these conducting paths will be described in more details elsewhere 27 . In the "unformed" state the current is around Furthermore, the I-V characteristic after the electroforming process exhibits an interesting behavior: a NDR (negative differential resistance) with a maximum peak/valley ratio up to 17.
This behavior is systematically and repeatedly observed for the different device geometries with a NDR peak in the range 5 -7 V. For negative voltages, the I-V characteristics are identical with the presence of a NDR peak between -5 V and -7 V (see the Supporting Information - Figure SI-7) .
Control of the ON-to-OFF and OFF-to-ON switches in the Formed-PTEDOT-AuNPs film.
As shown above, the device switches to the ON state during the forming process and remains followed by an abrupt return to 0 V (as described previously in Fig. 6 ). In that case the current ratio Ipulse/Ioff measures the amplitude of the OFF-to-ON switching. Only pulses applied in a specific range: 5 V ≲ Vpulse ≲ 8 V and with a pulse width Δte ≳ 1 ms, allow to switch ON the device.
Data retention and endurance tests. Endurance test was made to get further information on
switching stability. Here, a "read" pulse (1 V during 50 ms) is added after each SET / RESET steps in order to achieve 'write-read-erase-read cycles' (Fig. 8a ). According to results presented in Fig. 7, the switch from ON to OFF state is realized by appli a short (1 ms) voltage pulse of 12 V and the OFF to ON transition is induced by a medium voltage level of 6.5 V during 30 ms and a return to 0 V in 30 s (Fig 8a) . As shown in figure 8a, these cycles are repeated for more than 800 cycles and display a current ratio Ion/Ioff of about 10 3 without significant degradation. Data retention test
shows the capability of the device to retain the data in the two resistance states. The device is switched to the ON or OFF states using the same voltage sequences as for the switching test (see Fig. 6 ), then we applied 10 5 reading pulses at 1V (every 10 s) to measure the ON or OFF currents, respectively (Fig. 8b) . The results (Fig. 8b) show a good data retention without significant current drift, revealing a non-volatile memory function of the device.
NDR and memory mechanisms. The NDR and memory behaviors observed here are similar as those described by Bozano et al. 28 , in organic memory devices which were explained by the presence of metallic clusters in the organic films. Based on a review of literature results 29 and their own works, these authors established several criteria to describe this bistability in the device : (i)
In the ON state, a "n" shaped I-V curve is observed with a maximum current at Vmax followed by a NDR effect (e.g. Vmax ∼ 7 V in Fig. 6b) The proposed physical mechanism is essentially the same as described by Simmons and Verderber on electroformed metal-insulator-metal diodes in the 1960s 30 
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SUPPORTING INFORMATION

SYNTHESIS OF TEDOT-AuNPs
First, oleylamine capped AuNPs were synthesized using the Santhanam's procedure [1] 50 mg of HAuCl4.3H2O in 5 ml of oleylamine (95%) and 5 ml of anhydrous toluene were dissolved in a schlenk flask equipped with a nitrogen inlet and a condenser. The homogenous orange solution was maintained under nitrogen atmosphere at 80°C under stirring for 10h.
During this time, the color changed from orange to colorless then to dark red. The NPs purification was performed by repeated centrifugation/sonication cycles of the solution: the reaction mixture was first diluted with 30 % of hexane, followed by addition of ethanol to precipitate the NPs. After centrifugation for 5 min at 7000 tr/min, the supernatant was eliminated, then the NPs were redispersed in hexane by sonication. This process was repeated three times and finally the oleylamine-AuNPs were redissolved in 5 mL of toluene (good stability in this solvent several months at 5°C). By the same precipitation/centrifugation process, toluene was easily replaced by dimethylsulfoxide (DMSO) for the ligand exchange reaction with TEDOT-SH (see below). The surface plasmon resonance peak (SPR) is observed at 524 nm in CHCl3 by UV-vis spectroscopy. Average diameter of NPs measured by the statistical analysis of SEM image is 9.9 nm ( Figures SI-1b and c) . 
S4
Secondly, the synthesis of TEDOT-AuNPs was carried out from oleylamine capped AuNPs.
Dimethylsulfoxide (DMSO) turned out appropriate solvent for EDOT-AuNPs synthesis whereas water-immiscible 1,1,2,2-tetrachloroethane (TCE) was a suitable solvent for the preparation of Langmuir films. Solvents were perfectly degassed by nitrogen bubbling. In a nitrogen glovebox (O2 and H2O < 5 ppm), 5 mg of TEDOT-SH (synthesis described elsewhere [2] ) were added to 1 mL of the previous oleylamine-AuNPs solution in DMSO.
The thiolation was performed at 60°C for 6h under nitrogen in the dark. The ligand excess was eliminated as following: the reaction mixture was first diluted with 50 % of toluene (solvents in which TEDOT-AuNPs are few soluble) then centrifuged for 3 min at 7000 tr/min.
The supernatant was eliminated then the precipitate was cleaned thoroughly by fresh toluene. 
PREPARATION OF THE TEDOT-AuNPs NPSAN MONOLAYER.
The preparation of NPSAN (Nanoparticles self-assembled networks) was realized following the method of Santhanam [1] . 100 µL of the previous EDOT-AuNPs solution in TCE were spread on a convex water meniscus delimited in a pierced teflon petri dish (hole diameter: 2 cm, see Figure [7] .
Experimental values of atomic concentration ratios are compared to theoretical values (in brackets).
Data from Table 1 
NDR EFFECT IN BOTH POLARIZATIONS
The NDR (negative differential resistance) behavior was systematically and repeatedly observed for all the devices with different geometries, and for both positive and negative voltages ( Figure SI-7) . In this example, the maximum peak/valley ratio reaches a value around 17 in both polarities. 
NDR AND MEMORY MECHANISMS
The hole capture by a NP is characterized by a capture time τC given by (according to (Fig. 7, main text) can be summarized as shown in Fig. SI-8b , in which we can distinguish the time domains and voltage windows of both capture and emission processes, with a region where both processes are in competition.
In the zone where emission and capture occurs together, if we assume that the capture process dominates the emission, it may explain why emission is only measured for V between 5 and 8 V in the dynamic experiments described in Fig. 7b . 
